Abstract. Hyperglycemia in the acute phase of myocardial infarction (MI) is a marker of worse prognosis in both diabetic and non-diabetic patients; however, the role of hyperglycemia in the homing of cardiac stem cells (CSCs) to damaged myocardium post-MI and the possible mechanisms involved are not well understood. In this study, an MI model was induced in normoglycemic and hyperglycemic rats by left coronary artery ligation. Immunofluorescence was used to examine the migration of CSCs in vivo by injecting BrdU-labeled CSCs into the atrium-ventricle groove (AV-groove). Immunohistochemistry, western blot analysis and ELISA were carried out to detect the expression of stem cell factor (SCF) protein and RT-PCR was conducted for the expression of SCF mRNA. Phosphorylation of ERK1/2 and p38 MAPK was detected by western blot analysis. Afterwards, cardiac function was evaluated by hemodynamic measurement. On Day 5 post-MI, the accumulation of CSCs significantly increased in the peri-infarcted myocardium in normoglycemic rats, which led to an improvement in cardiac function 3 weeks after MI. However, the accumulation of CSCs markedly decreased in hyperglycemic rats, followed by the decline of cardiac function. SCF expression, followed with phosphorylation of ERK1/2 and p38 MAPK, were also significantly downregulated in the peri-infarcted myocardium in hyperglycemic rats compared to normoglycemic rats. Moreover, SCF expression and the migration of CSCs were blocked by either the MEK-specific inhibitor PD98059 or the p38 MAPK-selective inhibitor SB203580. The experiments in vitro confirmed that hyperglycemia decreased SCF expression via reduction in ERK1/2 and p38 MAPK activities and further inhibited the migration of CSCs. The results suggest that hyperglycemia suppresses CSC migration towards the ischemic area post-MI. This is possibly due to decreased myocardial SCF expression via reduction of ERK1/2 and p38 MAPK activities in hyperglycemic rats.
Introduction
Myocardial infarction (MI) remains an important cause of mortality by ultimately leading to heart failure or sudden cardiac death (1) . Since massive cell death in the myocardium, particularly cardiomyocyte death, is the pivotal pathological change after MI, repairing injured tissues with healthy myocytes provides an attractive therapeutic strategy (2) . Increasing evidence indicates that recruitment or direct injection of stem or progenitor cells could participate in the regeneration of heart tissue and improve cardiac function (3) (4) (5) . The most appropriate cell source among various candidates may be c-kit + cardiac stem cells (CSCs) which reside mainly in the atrium-ventricle groove (AV-groove) (6) . They could be attracted to injured myocardium and differentiated into cardiomyocytes, smooth muscle cells and vascular endothelium for reconstruction.
Together with other encouraging observations concerning CSCs, the mechanisms of migration and homing of CSCs have been partly revealed (7, 8) . Stem cell factor (SCF), which belongs to the family of transmembrane-anchored growth factors with highly conserved cytoplasmic domains, is a critical chemotactic factor for mast and other c-kit + cells (9, 10) . Several studies have indicated that SCF/c-kit signaling is involved in the migration of CSCs to peri-injured myocardium (8, 11, 12) . Da Silva et al (13) considered that the activation of ERK1/2 and p38 MAPK induced by IL-1β could lead to SCF promoter activity, SCF mRNA and subsequently SCF protein formation by mediating phosphorylation of NF-κB.
Diabetes is a metabolic syndrome with a cluster of common clinical disorders and is related to an increased Hyperglycemia suppresses cardiac stem cell homing to peri-infarcted myocardium via regulation of ERK1/2 and p38 MAPK activities (14) . It was reported that increases in glucose levels during the first 24 h of hospital stay were associated with higher mortality at 30 and 180 days, while decreases in glucose levels were associated with improved survival (15) . Various studies have shown that hyperglycemia on hospital admission following acute coronary syndrome (ACS) was a major independent predictor of worse short-and long-term prognosis in both diabetic and non-diabetic patients (16) (17) (18) . However, the role of hyperglycemia in the homing of CSCs to the damaged myocardium post-MI remains unclear. Thus, the aim of the present study was to investigate the role of hyperglycemia in the migration of CSCs and clarify the possible mechanisms involved.
Materials and methods
Animal models. Detection of blood glucose concentration. Blood samples were obtained from tail-tip bleedings, and blood glucose concentration was measured with a glucometer (Roche).
Isolation and culture of CSCs from the adult rat heart. The CSCs were isolated from the hearts of male Sprague-Dawley rats by a magnet-activated cell sorting (MACS) system (Dynal Biotech) as described previously (6, 8) . Briefly, the heart was excised and the aorta was cannulated rapidly. The heart was then perfused with Ca 2+ -free Tyrode's solution for 10 min, and digested by collagenase (0.5 mg ⁄ml; Roche) and trypsin (0.05 mg ⁄ml; Sigma-Aldrich) at 37˚C for 30 min. Next, the heart tissue was chopped, and the cell suspension was filtered with a strainer (Becton Dickson). Afterwards, cells were incubated with a rabbit anti-c-kit antibody (1:150; Santa Cruz Biotechnology, Inc.) and separated by using sheep anti-rabbit immunomagnetic microbeads (Dynal Biotech). Small round cells, containing most of the c-kit + population, were separated. These c-kit + CSCs were cultured for 3-5 days with Dulbecco's modified Eagle's medium/Ham's Nutrient Mixture F12 (1:1) (DMEM/F12; Sigma-Aldrich) containing 15% fetal bovine serum (FBS; Gibco), basic fibroblast growth factor (bFGF, 10 ng/ml; Sigma-Aldrich), epidermal growth factor (EGF, 20 ng/ml; Sigma-Aldrich) and leucocyte inhibitory factor (LIF, 10 ng/ml; Sigma-Aldrich) at 37˚C. After recovery, these CSCs were used for subsequent experiments.
Isolation and culture of neonatal rat cardiomyocytes. Ventricular cardiomyocytes were isolated from neonatal Sprague-Dawley rats and submitted to primary culture as reported previously (21) . After recovery, these cells were incubated in FBS-free DMEM with glucose (5.5 or 25 mM), glucose (5.5 or 25 mM) + IL-1β (1 ng/ml; Sigma-Aldrich), glucose (5.5 mM) + IL-1β + PD98059 (10 µM), or glucose (5.5 mM) + IL-1β + SB203580 (10 µM) for 12 h. The supernatants of cultured cardiomyocytes were used as conditioned media (CM). SCF mRNA in cells was detected by RT-PCR, and SCF protein was analyzed by ELISA.
RT-PCR. Total RNA was extracted from peri-infarcted myocardium of the left ventricle and cultured cardiomyocytes with TRIzol reagent (Invitrogen Life Technologies). RT-PCR was carried out using the pairs of primers as following for semi-quantitative assessment. SCF: sense, 5'-TGTTTTG CCTAGTCATTGTTG-3' and anti-sense, 5'-TGTCATTCCTA AGGGAACTG-3' , yielding a 404 bp product; β-actin: sense, 5'-CGTTGACATCCGTAAAGA-3' and anti-sense, 5'-AGCC ACCAATCCACACAG-3', yielding a 173 bp product. The products of PCR were separated by 1.5% agarose gel electrophoresis and visualized under UV using a gel documentation system (Bio-Rad). β-actin was used as an internal standard to verify equal PCR product loading for each experiment.
Western blot analysis. Tissue samples were homogenized and separated by SDS polyacrylamide gel (12.5%) electrophoresis followed by electrophoretic transfer of proteins from the gel to nitrocellulose membranes (Bio-Rad). The membranes were probed with the following primary antibodies: rabbit anti-SCF, mouse anti-β-actin, mouse anti-P-p38, rabbit anti-p38, mouse anti-P-ERK, or rabbit anti-ERK1/2 (1:600; all from Santa Cruz Bioetchnology, Inc.) overnight at 4˚C. Bands were visualized by using corresponding horseradish peroxidase (HRP)-conjugated anti-biotin antibody and enhanced chemiluminescence reagents (Pierce Biotechnology, Inc.).
Immunohistochemical staining. On Day 5 after MI, heart slices from the peri-injured myocardium were prepared for immunohistochemical staining. Slices were incubated with rabbit polyclonal antibodies (1:100; PeproTech) against rat SCF overnight at 4˚C (for negative control studies, the antibodies were substituted by phosphate-buffered saline). Endogenous peroxidase was blocked by 0.3% H 2 O 2 for 20 min at room temperature and the biotin-conjugated anti-rabbit immunoglobulin (1:200; Dako) was used as the secondary antibody. After incubation with streptavidin peroxidase, visualization of peroxidase localization was performed using diaminobenzidine-hydrogen peroxide (DAB-H 2 O 2 ) substrate to give a brown color.
Immunofluorescence. To assess the migration of CSCs in vivo after MI, cultured CSCs were labeled with 5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich) as described previously (22) . The BrdU-labeled CSCs (1x10 6 ) were injected into the AV-groove of the rat heart followed by LAD ligation or sham operation. On Day 5 post-MI, histological examination was performed to visualize the localization of the BrdUlabeled CSCs using mouse anti-BrdU antibody (1:150; Zymed) and TRITC-conjugated goat anti-mouse IgG antibody. The numbers of BrdU + cells homing to the peri-infarcted area were counted in 5 randomly selected sections per heart, and for each section 10 fields were randomly chosen by high-power fields.
Hemodynamic measurement. Three weeks after LAD ligation or sham operation, rats were anesthetized again. The right carotid artery was cannulated with a Millar Micro-Tip pressure transducer catheter. After obtaining the arterial blood pressure and heart rate, the catheter was advanced into the left ventricle (LV) to measure the systolic and end-diastolic pressures as well as the rate of pressure development (+dP/dt max ) and rate of relaxation (-dP/dt min ) of the LV.
ELISA. A sensitive ELISA procedure was used to quantify immunoreactive SCF released into the supernatant of the cultured cardiomyocytes. The ELISA was performed according to the instructions provided by the manufacturer (R&D systems). A polystyrene microplate (96 wells) was coated with a rabbit polyclonal anti-SCF antibody, and recombinant rat SCF was used as the standard.
Chemotaxis assay. Chemotaxis experiments were performed using a 48-well chemotaxis chamber technique (Neuro Probe) as previously described (23) . Briefly, 25 µl of DMEM + glucose (5.5 mM), virus conditioned media (CM), or CM + SCF-Ab (rabbit anti-rat SCF, 1:600; Santa Cruz Biotechnology, Inc.) was placed in the lower chamber. A polycarbonate membrane with a 5-µm pore size separated the upper and lower chamber. CSCs resuspended in DMEM (50 µl) were placed in each well of the upper chamber. The chamber was then incubated for 3 h at 37˚C in a humidified atmosphere with 5% CO 2 and then disassembled. The membrane was removed and scraped to remove non-migrating CSCs from the upper surface. Then the membrane was fixed and stained. The numbers of CSCs that had migrated to the lower surface of the membrane were counted in ten random high-power fields (HPFs) by light microscopy, and a chemotactic index (CI) was calculated to express stimulated migration. Each assay was performed in triplicate wells.
Stimulated migration (Number of CSCs/HPF) CI = ------------------------------------------------------------------------------------Random migration (Number of CSCs/HPF)
Statistical analysis. All data are expressed as means ± SEM. For analysis of differences between 2 groups, the Student's t-test was performed. For multiple groups, ANOVA was carried out followed by the Student-Newman-Keuls test. The level of statistical significance was set at P<0.05.
Results

STZ induction of hyperglycemia.
Blood glucose concentration was measured to validate whether STZ induced hyperglycemia as expected. Seven days after STZ administration, the blood glucose concentration reached 20.33±1.84 mM, significantly higher than that of 6.72±0.35 mM in the control group (P<0.01).
Effect of hyperglycemia on SCF expression in the periinfarcted myocardium. To investigate whether hyperglycemia influences SCF expression which subsequently affects CSC homing, SCF mRNA and protein in the peri-infarcted myocardium were analyzed. RT-PCR revealed that the SCF mRNA level increased significantly in the peri-infarcted myocardium on Day 1, 3, 5 and 7 after MI in the normoglycemic and hyperglycemic rats (Fig. 1A) . Immunohistochemical staining and western blot analysis also revealed that SCF protein expression dramatically increased in the peri-infarcted myocardium on Day 5 after MI, which was in line with the change in SCF mRNA (Figs. 1B and 3A) . However, the increase in SCF mRNA and protein was significantly attenuated in the hyperglycemic group compared to the normoglycemic group. Effect of hyperglycemia on the phosphorylation of ERK1/2 and p38 MAPK in the peri-infarcted myocardium. To understand whether ERK1/2 and p38 MAPK are involved in the inhibition of SCF expression, western blot analysis was performed to detect the levels of phosphorylated or total ERK1/2 and p38 MAPK proteins in the peri-infarcted myocardium. Results showed that the phosphorylation of ERK1/2 ( Fig. 2A ) and p38 MAPK (Fig. 2B ) in the periinfarcted regions were obviously upregulated on Day 1, 3, 5 and 7 after MI in the normoglycemic and hyperglycemic groups, but the levels of regulation in the hyperglycemic group were attenuated compared to the normoglycemic group. Total ERK1/2 and p38 MAPK protein expression showed no obvious differences in the normoglycemic and hyperglycemic groups. This suggests that the increase in SCF in the periinfarcted myocardium may be associated with the activation of ERK1/2 and p38 MAPK, which may be attenuated by hyperglycemia.
Effect of PD98059 or SB203580 on SCF expression.
To elucidate the relationship between the increase in SCF expression and the upregulation of ERK1/2 and p38 MAPK activities, inhibitors of ERK1/2 (PD98059) and p38 MAPK (SB203580) were administered 30 min prior to operation and once every day on Days 1-4 after MI. Western blot analysis revealed that SCF protein significantly increased in the peri-infarcted myocardium on Day 5 after MI, but the increase was significantly attenuated by administration of PD98059 or SB203580, which was similar to the inhibiting effect of hyperglycemia (Fig. 3A) . Meanwhile, in vitro experiments were performed in cultured cardiomyocytes. RT-PCR and ELISA showed that a high glucose level (25 mM) markedly decreased the SCF expression compared to a normal glucose level (5.5 mM) and osmotic control (5.5 mM glucose + 19.5 mM mannitol). After stimulation by IL-1β, SCF expression was greatly increased. However, the increase was significantly downregulated by PD98059 or SB203580, which was similar to the effect of high glucose (Fig. 3B and C) . All of these results suggest that hyperglycemia inhibits SCF expression in the peri-infarcted myocardium via downregulation of ERK1/2 and p38 MAPK activities.
Effect of hyperglycemia on CSC migration.
To investigate whether the upregulation of SCF leads to a higher accumulation of CSCs in the peri-infarcted region after MI, CSC migration in vivo was performed by injection of BrdU-labeled CSCs into the AV-groove followed by coronary ligation. As shown in Fig. 4A and B, more CSCs were attracted to the peri-infarcted myocardium on Day 5 after MI compared with the sham-operated group. However, in the hyperglycemic rats, CSC homing was markedly inhibited, which was similar to the effect of PD98059 or SB203580 administration in normoglycemic rats. In vitro chemotaxis experiments were also carried out to quantitatively evaluate CSC migration under different conditions. As shown in Fig. 4C , compared with the control group, the average number of migrated CSCs increased significantly in the conditioned medium groups. Adding high glucose, PD98059, SB203580 or an SCF antibody partially or totally inhibited the migration. These results imply that hyperglycemia suppresses CSC homing to the peri-infarcted myocardium through attenuation of SCF expression.
Effect of hyperglycemia on cardiac function. To ascertain whether CSC homing to the peri-infarct myocardium correlates with a change in cardiac function, cardiac function was evaluated on Day 21 after MI by hemodynamic measurement.
As expected, the results of +dP/dt max (Fig. 5A) and -dP/dt min (Fig. 5B ) indicated that cardiac function was notably aggravated after induction of MI. However, AV-groove injection of CSCs resulted in obvious improvement in cardiac function, and this improvement was partially blocked by administration of PD98059 or SB203580. In the hyperglycemic rats, cardiac function was much aggravated after MI compared with the normoglycemic rats. The recovery of cardiac function after AV-groove injection of CSCs was also observed in the hyperglycemic rats, but the levels of LV +dP/dt max and -dP/dt min were significantly lower than levels in the normoglycemic rats. These results imply that hyperglycemia inhibits the recovery of cardiac function through inhibition of CSC homing after MI.
Discussion
The incidence of diabetes is rising dramatically throughout the world. Diabetic patients have a high incidence of acute coronary syndrome (ACS) and account for 20-30% of hospital admissions for MI (14) . Although advances in treatment have significantly improved the prognosis of ACS in recent years, diabetic patients still have a worse prognosis than non-diabetic patients. Hyperglycemia in the acute phase of MI is a marker of worse short-and long-term prognosis, in both diabetic and non-diabetic patients (16) (17) (18) . A large study of 141,860 elderly patients hospitalized with MI showed that the level of hyperglycemia at admission was associated with significantly higher mortality, depending on the degree of hyperglycemia (16) . Higher blood glucose levels were found to be associated with a significant increase in 30-day mortality in nondiabetic patients with MI. However, it remains unclear how hyperglycemia affects MI and the mechanisms involved. The adult heart is considered to be a terminally differentiated organ. Any attempt to replace lost myocytes using cellular therapy would require the introduction of exogenous cells. However, Beltrami et al (6) reported that the adult heart contains CSCs, which are multipotent and could participate in myocardial regeneration. Recently, at least three CSCs or cardiac progenitor cell pools were reported in different species. Distinguished by definite marker proteins, the major three populations of CSCs were c-kit + cells (6) , cells from the side population (24) and cardioblasts expressing islet-1 (25) . Previous studies revealed that the injured myocardium could attract CSC homing to repair the damaged region (8, 11, 12) . But it remains unknown whether hyperglycemia, which usually acts as a risk factor in heart diseases, influences CSC homing after MI.
Results from the present study demonstrated that less CSCs migrated to the peri-infarcted region in hyperglycemic rats compared with normoglycemic rats. This implies that hyperglycemia inhibits CSC homing and attenuates the recovery of cardiac function after MI. However, the mechanisms involved require further investigation.
Fazel et al (26) found that stem cell-mediated myocardial repair depended on the activation of SCF, which plays a crucial role in chemotaxis and homing of c-kit + stem cells. Lutz et al (27) reported that administration of SCF could promote lin -/c-kit + BMSC migration to injured myocardium. Meloni et al (11) also found that nerve growth factor overexpression increased SCF expression, which translated in the higher myocardial abundance of c-kit + stem cells. Based on these findings, we hypothesized that hyperglycemia affects CSC homing by regulating the expression of SCF in the periinfarcted myocardium. Results from the present study showed that SCF mRNA and protein expression in the peri-infarcted myocardium was upregulated post-MI in normoglycemic rats, which was associated with more CSCs homing to the peri-infarcted area and greater improvement in cardiac function. However, the upregulation of SCF mRNA and protein was obviously inhibited in hyperglycemic rats compared to normoglycemic rats, which, in turn, led to less CSC accumulation in the peri-infarcted myocardium and significant attenuation of the cardiac function. Chemotactic experiments in vitro confirmed these results. The present study indicated that hyperglycemia inhibited CSC homing after MI via downregulation of SCF expression. In this process, some important factors might be involved in the signal transduction mechanism underlying SCF expression.
It is well known that mitogen-activated protein kinases (MAPKs) compose a family of serine/threonine kinases that regulate the diversity of cellular activities. MAPKs mainly include extracellular signal-regulated kinases 1 or 2 (ERK1/2), c-Jun NH2-terminal kinases (JNKs) and p38 MAPK. Besides being structurally related, the MAPK family members are generally activated via multistep phosphorylation cascades (28, 29) . Previous studies demonstrated that ERK1/2 and p38 MAPK play a key role in cytokine gene expression (13, 30) . The role of MAPKs in pathological cardiac remodeling has been investigated in several studies. After experimental MI, ERK1/2, JNK1/2 and p38 MAPK were found to be activated in both ischemic myocardium and unaffected portions of the left ventricle in mice and rats (31, 32) . In the process of cardiac remodeling after MI, the activation of the p38 MAPK and JNK1/2 cascades promoted fibrosis in the infarct area and unaffected myocardium, but the role of the ERK1/2 cascade is not well known (33, 34) . Hue et al (35) reported that IL-18 enhanced the SCF production of melanoma cells by regulating ROI and p38 MAPK activities but not ERK1/2. Takata et al (36) reported that high glucose induced transactivation of the α2-HS glycoprotein gene through the ERK1/2 signaling pathway. Ku et al (37) suggested that hyperglycemia could cause systolic dysfunction in cardiomyocytes through enhancing MEK/ERK-induced GATA-4 phosphorylation. In the present study, results showed that the phosphorylation of ERK1/2 and p38 MAPK in the peri-infarcted regions was obviously upregulated on Day 1, 3, 5, 7 after MI in normoglycemic and hyperglycemic groups, but the levels of regulation in the hyperglycemic group was attenuated compared to the normoglycemic group. After administration of PD98059 or SB203580, the increase of SCF protein in the peri-infarcted area was downregulated, followed by less CSC accumulation in the peri-infarcted myocardium and significant attenuation of the cardiac function. An in vitro experiment also showed that SCF mRNA and protein in cardiomyocytes could be downregulated by PD98059 or SB203580. Chemotactic experiments confirmed that CSC migration was inhibited by PD98059 or SB203580. All these results indicate that activation of ERK1/2 and p38 MAPK signaling contributed to SCF expression, and hyperglycemia inhibited SCF expression partially through downregulation of ERK1/2 and p38 MAPK activities.
In summary, hyperglycemia suppressed CSC migration towards the ischemic area post-MI. This was possibly due to decreased myocardial SCF expression via reduction in ERK1/2 and p38 MAPK activities in hyperglycemic rats. Further understanding of CSC homing in hyperglycemia may contribute to the development of a novel strategy for cardiac regenerative therapy.
